INTRODUCTION
Genomic imprinting is a complex, developmentally regulated epigenetic phenomenon allowing a subset of autosomal mammalian genes to escape conventional Mendelian inheritance rules. Imprinted genes are mono-allelically expressed in a parent-of-origin-specific manner, e.g. for a given locus, the paternal allele is transcriptionally active whereas the maternal allele remains silent. Hence, transcriptional status at imprinted alleles is strictly determined by the gender of the parental germline from which it was inherited (1, 2) . Up to now, about 100 imprinted genes have been experimentally validated, mostly in the mouse and 50 in human. However, given that imprinted expression can be tissue-, developmental stage-or even species-specific, exactly how many imprinted genes exist in mammalian genomes is still subject to intense investigation (3 -5) . This is especially true in humans where functional studies and access to biologically relevant tissues are extremely limited. The characterization of the full repertoire of human imprinted genes is essential to fully appreciate the mechanistic and/or evolutionary facets of such epigenetic transcriptional regulation and also because deregulation of imprinted expression has important repercussions in many human disorders including cognitive functions, cancers as well as human-assisted reproductive technology (6, 7) .
Many imprinted gene loci share common features in terms of genomic organization, physiological functions and epigenetic regulation, which have facilitated their identification through the use of genome-wide expression analyses, computer-assisted approaches and/or functional studies. First, imprinted genes tend to be arranged into large chromosomal domains (up to 3 Mb) within which paternally and maternally * To whom correspondence should be addressed. Tel: +33 561335927; Fax: +33 561335886; Email: cavaille@ibcg.biotoul.fr # The Author 2010. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oxfordjournals.org expressed genes, and also sometimes bi-allelically expressed genes, are intermingled (http://www.har.mrc.ac.uk/research/ genomic_imprinting/). Second, imprinted genes play important roles in prenatal growth of embryo and/or placenta, regulation of metabolic pathways and also higher brain functions (8 -10) . Remarkably, most of them are expressed in the placenta with several of them having their imprinted expression restricted to these extra-embryonic tissues (11, 12) . Third, activation or silencing of all imprinted alleles within a given cluster is coordinated over long distances by epigenetically modified cis-acting elements, the so-called imprinting control elements (ICEs) , that acquire a parental-specific DNA methylation imprint either in a male or a female germline. Interestingly, most ICEs with maternal imprint overlap CpG-rich promoter regions, whereas ICEs methylated upon spermatogenesis concern intergenic regions with a relatively low CpG content (13) . DNA methylation at ICEs represents the most likely imprint that triggers two different epigenetic states on the two parental chromosomes. Indeed, functional studies in the mouse show that targeted deletion of unmethylated ICEs results in loss of imprinted expression in a domainwide and parental-specific manner (reviewed in 14) . Finally, imprinted genes are also frequently surrounded by secondary differentially methylated regions (secondary DMRs) acquired post-fertilization.
Another important feature associated with imprinted gene loci is the presence of one (or several) long non-proteincoding RNAs (ncRNAs), also termed imprinted macroRNAs. Remarkably, two paternally expressed macroRNAs in the mouse (Kcnq1ot1 and Airn) function as bidirectional, cis-acting factors to silence, in a lineage specific manner, the surrounding maternally expressed, protein-coding genes (14, 15) . Although their mode of action remains poorly understood, current models highlight their ability to promote parental-specific higher-order chromatin organization, very likely through RNA coating-like mechanisms (16) (17) (18) (19) (20) (21) . Two other imprinted eutherian-specific clusters, the Snurf-Snrpn domain [also referred to as the Prader -Willi syndrome (PWS) region in human] and the Dlk1-Dio3 domain, contain complex arrays of repeated small ncRNAs embedded within and processed from introns of larger, imprinted ncRNAs (22) (23) (24) (25) (26) . Up to now, two classes of imprinted small ncRNA genes have been reported, i.e. microRNAs and C/D small nucleolar (sno) RNAs involved in RNAmediated gene silencing and RNA-directed RNA modifications, respectively (27) .
The chromosome 19 microRNA cluster (C19MC) is the largest human microRNA gene cluster described so far. This primate-specific miRNA cluster spans 100 kb at human chromosome 19q13.41 and comprises 46 tandemly repeated microRNA genes exclusively expressed in the placenta (28, 29) . Here, we show that C19MC is exclusively expressed from the paternally inherited allele, very likely from an upstream, CpG-rich promoter region displaying a maternalspecific methylation imprint acquired in oocytes. Altogether, we report that an unexpectedly large number of microRNAs, mostly organized into large clusters, associate with imprinted chromosomal domains, and we discuss this intriguing observation in light of a functional and/or evolutionary link between repeated small RNA genes and genomic imprinting in mammals.
RESULTS

C19MC is only expressed from the paternally inherited chromosome in placenta
We recently showed that C19MC microRNA genes are not transcribed by Pol-III as previously thought (29, 30) . Indeed, we identified a novel, repeated Pol-II-transcribed long ncRNA, termed C19MC-HG, from which intron-encoded microRNAs are processed (Fig. 1A) . The relative proximity of C19MC to the maternally expressed ZNF331 (also known as ZNF463) (31, 32) and the C19MC gene organization is reminiscent of the maternally expressed chromosome 14 microRNA cluster (C14MC) at human 14q32 (26) . This prompted us to suggest that C19MC is similarly imprinted. To address this question, we developed an RNA fluorescence in situ hybridization (FISH) assay at the single nucleus level allowing the detection of nascent, intron-containing C19MC-HG transcripts in close proximity to their transcription site (Bellemer et al., manuscript in preparation). We used Cy3-labelled, short DNA oligonucleotide probes antisense to repeated C19MC intronic sequences (Fig. 1A) . Remarkably, we found that in normal diploid, placentaderived primary cells (M258), 82% of the examined nuclei expressing C19MC-HG (n ¼ 256) exhibit a single RNA signal per nucleus, indicating that C19MC-HG is monoallelically expressed. Interestingly, in triploid trophoblasticderived primary cells with two paternal genomes (M261), 62% of the examined nuclei expressing C19MC (n ¼ 263) have two RNA signals per nucleus, whereas in trophoblasticderived primary triploid cells with two maternal genomes (M263), a single RNA FISH signal is revealed in 81% of the examined nuclei that express C19MC (n ¼ 247). Together, these data strongly suggest that C19MC is preferentially expressed from the paternally inherited chromosome (Fig. 1B) .
To further confirm this hypothesis independently, we assayed allelic expression of a single nucleotide polymorphism (SNP: G or T, rs55765443) mapping upstream of the miR-512-1 pre-miRNA gene (Fig. 1C, top) . Polymerase chain reaction (PCR) and RT -PCR analyses were performed using the Moore collection of white European term placentae (11) . Of 200 placental samples queried for polymorphic status, 70 were found to be heterozygous. Twenty-two of these C19MC-HG transcripts were visualized by RNA FISH at the single nucleus level using Cy3-labelled intronic oligonucleotide probes. Histograms represent the % of examined cells with zero, one, two or more than two RNA signals per nucleus. M258 cells: diploid cells from a normal placenta (46XY, 1Mat, 1Pat); M261 cells: trophoblastic triploid cells (69 XY, 1Mat, 2 Pat) and M263 cells: trophoblastic triploid cells (69 XY, 2Mat, 1Pat) . Counting was independently performed by two of us (n 150-200 examined nuclei). The parental origin of the chromosomes in M261, which is partial mole, has been formally confirmed by microsatellite genotyping (data not shown). For M263, it is inferred from the fact that the original triploid conceptus displays any molar phenotype on its placenta (P. Coullin, personal communication). (C) C19MC-HG is expressed from the paternal chromosome only. Representative DNA sequence electrophoregrams showing the paternal expression of C19MC in the placenta. The informative SNP (T/G) is indicated by the arrow on the electrophoregrams.
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Human Molecular Genetics, 2010, Vol. 19, No. 18 samples were available immediately for expression status and all were found to be mono-allelic. Parents were then genotyped, and as illustrated in Figure 1C (bottom); all six fully informative families displayed paternal expression, indicating that C19MC-HG is exclusively expressed from the paternal chromosome. From these two conceptually independent assays, we concluded that C19MG-HG represents a novel human, placental-specific, paternally expressed imprinted gene.
C19MC mono-allelic expression is controlled by DNA methylation in choriocarcinoma cell lines
Our ability to visualize freshly made C19MC-HG transcripts at the single nucleus level enabled us to ask whether chromatin-modifying drugs, such as inhibitors of DNA methylation and histone deacetylation, have the ability to affect C19MC expression. To explore this, we used the wellstudied JEG3 choriocarcinoma cells because they highly express C19MC microRNA genes (29) and because these cells are easier to grow than the above-mentioned primary cell lines. As shown in Figure 2A ( (Fig. 2B ). This increase is also observed in nuclei that retain monoallelic expression, indicating that 5-aza treatment also affects C19MC expression at the only active allele. Substantiating this view is the fact that qRT -PCR reveals a 20-60-fold change in C19MC expression upon 5-aza treatment (Fig. 2C , bottom), which is well beyond that expected from the reactivation of the silent allele in 25-30% of cells. Treatment with histone deacetylase inhibitor alone, e.g. trichostatin A (TSA), does not affect significantly mono-allelic expression at C19MC in JEG3, nor does it reactivate C19MC expression in HeLa cells ( Fig. 2A, top) . In contrast, C19MC expression seems impaired as judged by the size of RNA FISH signals (Fig. 2C ). The same holds true when 5-aza and TSA are added: only a modest increase in C19MC expression is noticed in HeLa cells, whereas the proportion of JEG-3 with weak (or no) C19MC FISH signals increases, probably due to secondary toxic effects of TSA (data not shown). Altogether, these findings support a role for DNA methylation in controlling C19MC-HG mono-allelic expression, substantiating previous findings that some C19MC-encoded microRNA genes are epigenetically silenced (33 -35) .
Identification of an upstream CPG-related promoter region
To gain further insight into C19MC imprinted expression, we searched for Pol-II promoter regions. Two different algorithms, First EF and Eponine TSS (36, 37) , identified promoter and transcription start sites, overlapping an annotated CpG island at 17 kb upstream of the first miRNA gene (Fig. 3A) . In agreement with this notion, RT -PCR and expressed sequence tag analysis reveal the existence of transcripts synthesized several kb upstream of C19MC in the choriocarcinoma JEG-3 cells that endogenously express C19MC microRNAs, but not in C19MC-non-expressing HeLa cells (Fig. 3B ). To further demonstrate the promoter activity, the genomic region overlapping the CpG island was cloned, in the sense and in the antisense orientations, into a pGL3 basic vector that does not contain any promoter upstream of the firefly luciferase gene. These two reporter plasmids, termed pGL3-CpG and pGL3-CpG(anti), respectively, were transiently co-transfected into HeLa and choriocarcinoma JEG-3 cells along with PRL-CMV, a Renilla luciferase reporter plasmid used as an internal control. As shown in Figure 3C , the firefly luciferase activity from pGL3-CpG transfected in JEG3 cells was increased 60-fold compared with that from empty PGL3 basic vector, whereas pGL3-CpG(anti) yielded a 5-fold increase. In agreement with our previous findings showing that C19MC microRNA genes are mainly, if not exclusively, expressed in the placenta, luciferase activities were higher in JEG-3 than in HeLa cells. Chromatin immuprecipitation (ChIP) assays also showed that this CpG-rich region is associated with H3K4me3, an epigenetic mark frequently enriched at promoter regions ( Fig. 3D) . Finally, an involvement of Pol-III machinery in C19MC transcription is very unlikely given our failure to demonstrate the presence of Pol-III polymerases on C19MC genes, whereas our ChIP assay faithfully revealed its association with Pol-III transcribed pre-tRNA Leu genes (Fig. 3E) . Altogether, these findings not only support our previous assumption that C19MC microRNA genes are transcribed by Pol-II, but also strongly suggest that C19MC expression is driven by this upstream CpG-rich promoter.
Complex transcriptional activity at the C19MC locus
The above-mentioned promoter region is associated with 15, nearly perfect 47 nt long repeats arranged in a direct head-to-tail manner (Fig. 4A) . In order to visualize the transcription activity directly at the CpG-C19MC interval, and to circumvent the high density of interspersed repeats that considerably hinder molecular-based approaches, RNA FISH experiments were performed using Alexa448-and 
3570
Human Molecular Genetics, 2010, Vol. 19, No. 18
linked RNA species. Possible explanations include the existence of at least two different transcripts or processing of a single transcript into distinct C19MC-HG and Rp-47 RNA species with different intra-nuclear paths. We are aware that none of these interpretations satisfactorily explain why C19MC-HG and Rp-47 RNA species are compartmentalized and seem to be prevented from intermingling, leaving the impression that they are attached to an underlying nuclear structure. In addition, we also noticed that nascent C19MC pri-miRNA transcripts localize near, but do not merge with, an Alu-rich subnuclear domain revealed by an oligo-probe matching the consensus sequences of human Alu repeats (Fig. 4C) . The C19MC locus is full of Alu elements. However, that Pol-III is not found associated with C19MC ( Fig. 3E) The CpG-related promoter region displays a parental-specific methylation pattern Short tandem repeat arrays have been reported at many imprinted DMRs (38) (39) (40) and some, but not all, are believed to be essential for the establishment and/or maintenance of imprints (41) (42) (43) . To further address the potential role of DNA methylation in the control of imprinted C19MC expression, as suggested in Figure 2 , we examined the methylation status of CpG-related promoter (here referred to as CpG1). This was performed after bisulphite treatment, cloning and sequencing PCR products obtained from term placenta DNA. As shown in Figure 5A , of the 14 bisulphite clones sequenced for CpG1, 11 were methylated sequences. Importantly, the presence of two informative SNPs, rs6509805 and rs6509806, indicated that hypermethylated and hypomethylated clones derived from the maternal and paternal chromosomes, respectively. We further confirmed its methylation status by another independent approach, combined bisulphite restriction analysis (COBRA), which relies on the fact that methylated, but not unmethylated, BstUI restriction sites (CGCG) are preserved upon bisulphite treatment (44) . COBRA was performed on a complete hydatiform mole (CHM) obtained from a twin pregnancy, i.e. the uterus contained two conceptuses: one reduced to an abnormal placenta (the mole M253) comprising two sets of paternal genome and the other one with a normal embryo and a normal placenta (one maternal and one paternal genome, M254, used here as a control), as well as in four other independent androgenic CHM samples (M22, M23, M54, M141) (Fig. 5B ). As illustrated in Figure 5B and C, CpG1 was fully unmethylated in the entire set of the androgenic tissues while it keeps intact its hemi-methylated status in developing (M254) or term placenta. However, CpG1 lose its hemimethylated status in C19MC-non-expressing tissues since it becomes hypermethylated (Fig. 5C ). Altogether, we conclude that maternal-specific methylation is deposited at CpG1, here referred to as C19MC-DMR1.
The CpG-related promoter region acquires a maternal methylation imprint in the female germline 3572
to analyse the methylation profile of a few oocytes (45) . Briefly, independent nested PCRs (40 cycles each) were performed using bisulphite-treated DNAs prepared from a pool of GVs (n ¼ 11 oocytes), MI (n ¼ 4 oocytes) and MII (n ¼ 16 oocytes). As shown in Figure 6A (top), this procedure allowed us to isolate 15 independent alleles, all of them being mostly methylated in GV, MI and MII oocytes. As a control, the same assay confirmed the unmethylated pattern for the paternally imprinted H19-DMR in MII oocytes (Fig. 6A, bottom) . Given the low number of examined cells and to exclude any bias in cloning procedure, we further confirmed the hypermethylation of C19MC-DMR1 by showing that the same PCR products were fully cut by BstUI. Traces of undigested PCR products are still observed to some extent in GV samples, leaving open the possibility that unmethylated alleles are still present in this earliest oocyte stage. Finally, and as expected, spermatozoa display the opposite methylation pattern as judged by both COBRA and bisulphite sequencing analysis, namely that C19MC-DMR remains mostly unmethylated (Fig. 6B) . Altogether, DMR1 fulfils the criteria for being considered as a bona fide germline DMR for which the methylation mark is already established at the GV stage. Although the maternal life cycle of germline derived, imprinted DMRs in human is poorly documented, our data are consistent with previous studies showing that methylation of ICEs at the KCNQ1 and SNURF-SNRPN loci is nearly complete in GV oocytes (45 -47) , although an earlier report suggested that imprint establishment at the SNRPN gene may occur during or after fertilization (48) .
A novel imprinted gene cluster mapping to human chromosome 19?
Two neighbouring protein-coding genes, NLRP2 and ZNF331, were recently shown to be maternally expressed (31, 32, 49) . It is also noteworthy that C19MC maps to 3 Mb upstream of the already known PEG3 imprinted gene cluster (50, 51) and that several in silico predicted imprinted genes with preferential maternal expression are reported within this rather large 19q chromosomal interval (5). We therefore profiled the methylation status at several other annotated CpG islands flanking C19MC: CpG2 between C19MC and the miR-371-miR-373 cluster, CpG3, 4 and 5 located upstream of the ZNF331 gene and very likely correspond to different transcription start sites and CpG6 and 7 mapping upstream of the MYADM gene (Fig. 7A) . As summarized in Figure 7B , CpG2 and CpG3-4-6-7 are mostly hypermethylated and hypomethylated, respectively, whereas CpG5 seems to be hemi-methylated in the placenta. Although no SNPs were found, COBRA analysis performed in CHM suggests that CpG5 may be methylated on the maternal allele.
DISCUSSION
C19MC-HG: a novel imprinted, paternally expressed human macroRNA gene
In this study, we demonstrate that the primate-, placentaspecific C19MC is only expressed from the paternally inherited chromosome (Fig. 1) . These findings not only strengthen the notion that genomic imprinting is still an evolving process in primates, but also raise the important question of how many imprinted loci remain to be discovered in the human genome, since most studies have concentrated so far on relatively well-conserved mammalian genes. Although we do not rule out the possibility that C19MC may simply represent a micro-imprinted domain, as described for a few imprinted gene loci in the mouse (52) (53) (54) (55) (56) , it is tempting to speculate that C19MC may belong to a larger, imprinted chromosomal domain (Fig. 7) . The molecular mechanisms conferring imprinted expression at C19MC remain to be unravelled. C19MC-DMR1 shares common structural features with three other well-characterized ICEs operating at the mouse Snrpn, Kcnq1 and Igf2r loci: (i) it encompasses a promoter region predicted to drive expression of a (several) paternally expressed macro-ncRNA(s) (Fig. 3) , (ii) it is flanked by short direct tandem repeats (Fig. 4) , (iii) it displays a maternal-specific methylation mark acquired in female gametogenesis (Figs 5 and 6 ). We therefore hypothesize that DMR1 behaves as an ICE to control C19MC imprinted expression, and perhaps also that of the closest, maternally expressed ZNF331 gene. The absence of its hemimethylation pattern in C19MC-non-expressing tissues argues against this appealing hypothesis, since parental-specific methylation at an ICE is generally assumed to be preserved throughout the development regardless of expression. Given the strict placenta-specific C19MC expression pattern and the recent evolution of C19MC in primates alone, hypermethylation of DMR1 in somatic, non-expressing tissues could be conceptually envisaged, especially if one assumes that additional layers of complexity in transcriptional control may evolve later. In this regard, DMR1 may therefore be considered as a 'primordial imprint', as already hypothesized for recently evolved micro-imprinted domains (55, 56) . That DMR1 functions as an ICE, either locally or at greater distances, remains very difficult to prove formally since functional analyses in primates are extremely limited. Moreover, the high density of interspersed repeated elements within C19MC and notably their contiguous position 8 kb downstream of the putative transcription start site (Fig. 3A) render it technically challenging to prove the formal existence of C19MC-HG transcripts originating from DMR1 and extending over the entire 100 kb miRNA gene cluster. Hence, additional cis-acting regulatory elements may exist, including methylated Alu-embedded Pol-II promoters as recently proposed for miR-512-5p (34) . Indeed, reactivation from such cryptic promoters might explain the large increase in C19MC expression seen in 5-aza-treated JEG3 cells (Fig. 2) . In this regard, the high Alu content at C19MC contrasts with previous in silico studies reporting that imprinted genes tend to be devoid of SINE elements (57) (58) (59) . Alus are 
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Human Molecular Genetics, 2010, Vol. 19, No. 18 hypermethylated in human oocytes compared with spermatozoa (60, 61) . We therefore reason that such an outstanding clustering of Alus at C19MC may also represent a 'genomic environment' that favours the establishment and/or maintenance of imprinting during female gametogenesis.
Are repeated microRNA gene clusters a novel genomic feature for imprinted regions?
Another important feature of our work concerns the similar gene organization and epigenetic regulation of C19MC and C14MC, also referred to as the miR-379/miR-410 cluster at the imprinted DLK1/DIO3 domain on the human 14q32 chromosomal interval (mouse distal chromosomal 12). Indeed, C19MC and C14MC are two large microRNA gene clusters that consist of numerous repeated, intron-embedded microRNAs processed from long, imprinted ncRNAs transcribed from the unmethylated chromosome (only expressed from the paternally and maternally inherited alleles, respectively). They have, however, distinct evolutionary histories (29, 62, 63) and also differ considerably in their interspersed repeat contents (29, 64) . Finally, and perhaps more intriguingly, compartmentalized RNA species in proximity to C19MC transcription sites (Fig. 4) are very similar to what we found at two other imprinted, repeated arrays of small RNA genes at the Dlk1-Dio3 and Snurf-Snrpn domains (65, 66) . It is noteworthy that these imprinted ncRNAs hosting small RNAs display reciprocal imprinted expression Figure 7 . A novel, large imprinted gene cluster mapping to Chr19q13? (A) Schematic representation of the C19MC locus and its surrounding protein-coding genes. Paternally and maternally expressed protein-coding genes are represented as blue and pink boxes, respectively. Grey boxes represent genes for which the imprinted status is unknown while 'M?' means that the genes are in silico predicted to be expressed from the maternal chromosome. Open and closed lollipops represent unmethylated and methylated CpG-rich regions, respectively. Arrows indicate the transcription sense. The cartoon is not drawn to scale, but the relative position of these genes (or loci) along Chr19q13 is indicated below. We assume, based on two independent papers (31, 32) , that ZNF331 is preferentially expressed from the maternally inherited chromosome, although another study found a preferential paternal expression in lymphoblastoid cell lines (97 with respect to that of the closest, flanking-protein-coding genes (Fig. 8A) . Moreover, C19MC attracts a huge amount of miRNA processing factors (Bellemer et al., manuscript in preparation). Whether the peculiar intra-nuclear paths of these imprinted macroRNAs reflect their involvement in epigenetic regulatory pathways, e.g. by recruiting chromatin repressive complexes in cis as reported for Airn and Kcnq1 (17,19 -21) , awaits further investigation. We also noticed with much interest that the miR-467, miR-669, miR-466 and miR-297 families are also organized as a large cluster (n 80 miRNA genes) embedded within intron 10 of the Sfmbt2 gene that was recently shown to be paternally expressed in murine placenta (67) .
Although not yet proved, this 100 kb long miRNA gene cluster is strongly suspected to be imprinted as well (Fig. 8A) . Taking into account that most imprinted gene clusters contain at least one microRNA gene (27) and given that a significant proportion of known mouse and human miRNA genes is associated with an imprinted locus [124 out of 579 (21.4%) and 133 out of 721 (18.4%), respectively], we conclude that 
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miRNAs, and particularly large, repeated microRNA clusters, may represent a previously unrecognized, important feature of imprinted gene clusters.
Possible biological roles for imprinted microRNA gene clusters
C19MC is frequently amplified in certain aggressive brain tumours (68) and is subjected to chromosomal translocation in a subgroup of thyroid adenomas (69), suggesting a role for some C19MC-encoded microRNAs in cancer. Little is known, however, about their biologically relevant function(s). Some clues might arise from other vertebrate models that are more genetically tractable than primate species. As noticed earlier by several investigators (62,70-72) some C19MC-encoded miRNAs (e.g. the miR-520 and miR-519 families) have a 'seed sequence' identical to that of the miR-430, the miR-302, the miR-372 and the miR-467 families (Fig. 8B) and nearly identical to that of the miR-17-92 cluster (also referred to as OncomiR1) or to that of the repeated miR-427 families in Xenopus tropicalis (not shown). Interestingly, these microRNAs predicted to target the same set of mRNAs also share additional genomic and expression features: (i) they display marked expression during development (e.g. placenta and early embryos), (ii) they represent evolutionary innovation since they are restricted to distinct lineages (e.g. the miR-430 family/teleosts, the miR-467 family/rodents, the miR-302 family/tetrapods, the miR-372/eutherians and the C19MC miRNAs/primates), (iii) they tend to be organized as large clusters containing several dozen homologous miRNA genes likely derived from amplification events, as exemplified by miR-430, miR-467 and C19MC. Here, we would like to promote the idea that imprinted, repeated microRNA clusters represent rapidly evolving chromosomal regions from which novel (or still evolving) small RNAs emerge and acquire regulatory roles throughout eutherian evolution, e.g. phenotypic variations and body-plan innovations. Placentas are a recent evolutionary innovation in vertebrates and they are quite diverse among mammalian species (73) . Thus, imprinted C19MC miRNA genes, as well as the miR-467 family sharing the same seed sequence (Fig. 8B) , might have evolved to fine-tune signalling pathways underlying placental development and morphology in primates and rodents. In this regard, the maternally expressed miR-127 -miR-136 cluster regulates expression of the paternally expressed Rtl1 gene essential for maintenance of the feto-maternal interface in mouse (25, 74, 75) . Finally, involvement of these imprinted, large microRNA clusters in the biology of stem cells is also supported by the fact that C19MC-encoded microRNAs are differentially expressed upon differentiation of human embryonic stem cells (71, (76) (77) (78) (79) (80) (81) and that correct expression of the miR-379/miR-410 cluster correlates with the pluripotent state of murine-induced pluripotent stem cells (80, 81) .
Repeated small RNA genes and genomic imprinting: who's first? It is extremely striking that the four known chromosomal domains enriched for highly repeated small RNA genes, either miRNA and/or C/D snoRNAs, are associated with imprinted loci (Fig. 8A) . Several theories have been put forward to explain why a subset of mammalian genes is subjected to imprinted regulation (82, 83) . One of these explanations, commonly termed the 'host-defense theory', states that genomic imprinting might have arisen as a by-product of DNA methylation that normally represses the activity of retrotransposons and other genomic parasites (84) (85) (86) . We therefore speculate that small RNA gene clusters might have evolved before (or concomitantly with) the establishment of genomic imprinting and that their highly repeated non-coding structures, likely 'perceived as exogenous DNA' in only one of the two germlines, might have driven (or reinforced) the acquisition of subsequent imprinted regulation by still uncharacterized mechanisms. In agreement with that concept, genomic imprinting at the Dlk1-Dio3 and the PWS/AS domains always correlates with the presence of repeated small RNA genes. Species in which such small RNA genes are absent (e.g. marsupials and monotremes) lack imprinted regulation (87) (88) (89) .
Conversely, small RNA genes might have appeared after the emergence of genomic imprinting. In this context, imprinted gene clusters might be considered as 'hot-spot' regions that attract retrotransposed small RNA genes (90) and facilitate their subsequent segmental amplification by still unknown mechanisms, e.g. perhaps involving specific chromatin features associated with imprinted loci. Once integrated in an imprinted domain, repeated small RNA genes may undergo epigenetic silencing 'accidentally' due to the wide spreading of genomic imprinting mechanisms. This explanation is supported by the identification of many imprinted genes with retrotransposition features (91), with several of them being considered as 'innocent bystanders', as found at the PWS/AS imprinted domain in human (92) and mouse (93) .
C19MC miRNAs and the miR-467 family are only conserved in primates and rodents, respectively. Therefore, investigating their presence (or absence) outside of primate and rodent lineages, together with a study of allele-specific expression patterns of the surrounding genes, will help to clarify the complex evolutionary relationship between genomic imprinting expression and the presence of repeated small RNA genes.
MATERIALS AND METHODS
Unless otherwise noted, all techniques for cloning and manipulating nucleic acids were performed according to standard protocols.
Cell culture, transient transfection and drug treatment M258, M261 and M263 primary placenta cells were grown in Amniochrome II (Lonza) supplemented with serum and antibiotics. JEG3 and HeLa cells were grown in DMEM (Gibco) supplemented with 10% fetal bovine serum and antibiotics. When indicated, cells were treated for 2 days with 2.5 mM 2 ′ -deoxy-5-azacytidine (Sigma, #A3656), and subsequently 40 ng/ml TSA (Sigma, #T8552) were added directly to the 
Source of human oocytes
The oocytes were donated for research with the consent of patients from the Laboratoire de Biologie de la Reproduction at the Femme Mère Enfant Hôpital (Bron, France). The women were treated with the standard long-term stimulation protocol using FSH and HCG for in vitro fertilization-intracytoplasmic sperm injection, because of a male infertility factor. The day of retrieval, 35 h after hCG administration, oocytes were partially denuded of cumulus cells by repeated pipetting in a hyaluronidase solution (150 U, type VII; Sigma) and evaluated for maturity using an inverted microscope with Hoffman Modulation Contrast optics (Leica DM IRB). Immature oocytes at the GV or MI stage at retrieval time were used. MII oocytes were obtained from GV oocytes that were matured in vitro for a 28 h period in Medicult IVM medium (Syllinge, Denmark) supplemented with FSH (75 mIU/ml), hCG (100 mIU/ml) and 20% serum. Following collection and prior to DNA methylation analysis, zona pellucida and any remaining attached somatic cells were removed by proteinase K digestion (9 U/ml). A total of 42 oocytes from 19 different patients (mean age: 31 + 4 years) were included in this study: 11 GV, 10 MI and 21 MII oocytes.
Oligonucleotides
All oligonucleotides used in this study were from Sigma. 
RNA isolation, RT -PCR and quantitative PCR
Total RNA was prepared from cells using Tri-Reagent (Euromedex) and treated with RQ1 DNase (Promega) and proteinase K (Sigma) before storage at 2208C in RNAse-free water. For the RT -PCR analysis, 2 mg total RNA were reverse-transcribed (Superscript II RTase, Invitrogen) at 428C for 2 h using random hexamer primers, and 1/10 of cDNA products were amplified by PCR (30 cycles with GoTaq polymerase, Promega). PCR products were then cloned into pGEM (Promega) and sequenced. Real-time quantitative PCR was carried out according to the manufacturer's instructions using iQ SYBR Green supermix (Bio-Rad) on a Mastercycler Realplex (Eppendorf). Samples were analysed in triplicate, and the mean and SD were calculated.
Luciferase activity assay
A DNA fragment overlapping the CpG island (HG18: 58 842 603 -58 843 557) was cloned into pGL3-Basic (Promega) in the sense and antisense orientations with respect with the sense of transcription of the downstream Firefly luciferase gene. These plasmids (247.5 ng) were co-transfected with pRL-CMV (2.5 ng) encoding the Renilla luciferase in either JEG3 or HeLa cells. Forty-eight hours after transfection, the luciferase assay was carried out using the Dual Luciferase Reporter Assay System (Promega) according to the manufacturer's manual.
FISH, probe preparation and microscopes
RNA FISH with DNA oligonucleotide probes was performed as described in http://singerlab.aecom.yu.edu/protocols/. Briefly, cells were fixed in 4% paraformaldehyde/PBS for 20-30 min at room temperature and then permeabilized overnight at 48C in ethanol 70%. Hybridization was carried out overnight at 378C in 15% formamide, 2× SSPE, 10% Dextran sulphate, 150 mg/ml yeast tRNA and 10 ng of oligo-probe/30 ml and cover slips were washed at room temperature in 15% formamide, 2× SSPE (20 min, twice) and in 1× SSPE (10 min). Cover slips were mounted in Moviol DAPI (0.1 mg/ml). (94) . Fetal genomic DNA were initially screened by PCR followed by sequencing to look for heterozygous samples and these were then re-examined for expression status using cDNA synthesized from RNA as described by Apostolidou et al. (94) . Parental DNA samples were also assessed to determine the parent of origin of the expressed allele. Primers p9-fd and p9-rev were used to amplify a 312 bp fragment using Bioline Taq polymerase under the following PCR conditions: initial denaturation at 948C for 4 min; 30 cycles of 948C for 30 s, 558C for 30 s, 728C for 30 s; 728C for 2 min. PCR products were verified on 1% agarose gels and then sequenced using BDT3 chemistry (Applied Biosystems) according to the manufacturer instructions (94).
Chromatin immunoprecipitation
HeLa or JEG3 cells were grown to 100% confluence and processed as previously described (29) . Briefly, cells were cross-linked 10 min in 1% formaldehyde and the reaction stopped with 0.125 M glycine. Cells were scraped, centrifuged and the pellet resuspended in cellular lysis buffer, Dounce-homogenized, centrifuged again and resuspended in nuclear lysis buffer. Samples were sonicated and 200 mg DNA was immunoprecipitated. After saturation, cellular extract was incubated overnight at 48C with 2 mg anti-trimethyl histone H3 (Lys4) (#ab8580, Abcam), 1900 against Pol-III subunit RPC155 antibody [generous gift from Dr R.J. White (95)] or rabbit anti-goat IgG (#G5518, Sigma). Saturated protein A/G sepharose and IgG (Sigma) were added and the incubation continued for 2 h. The immunoprecipitate was centrifuged and washed. Beads and input were resuspended in TE buffer and treated with RNase A. Cross-link was reversed with 0.25% SDS overnight at 708C. Samples were treated with proteinase K and DNA fragments purified by consecutive phenol/chloroform extractions followed by ethanol precipitation. The pellet was resuspended in 100 ml ultra-pure water.
DNA methylation analysis
Genomic DNA extracted from human tissues (2 mg) was modified using the sodium bisulphite conversion kit EZ DNA Methylation-Gold (Zymo Research Corporation). The bisulphite conversion was conducted at 988C for 10 min, then 538C for 30 min, then 8 cycles of 538C for 6 min and 378C for 30 min. DNA was purified according to the manufacturer's instructions. PCR amplification was performed using HotStarTaq polymerase (Qiagen), and cloning and sequencing were performed using the pGEM T-easy kit (Promega) or the TOPO TA kit (Invitrogen). For COBRA, genomic DNA (2 mg) was subjected to bisulphite conversion using the EZ DNA methylation-Gold kit (Zymo Research Corporation). Following PCR amplification, PCR products were purified and the status of methylated genomic DNA of individual samples was examined using COBRA assays with BstUI restriction enzyme (New England Biolabs). For quantification analysis, electrotransfert was performed on Nylon membranes (Biodyne), followed by UV light irradiation. Hybridization was carried out with 5 ′ -P32 labelled DN Aoligonucleotide probes through an overnight incubation at 508C. Quantification was performed with PhosphoImager (Fujifilm FLA-3000). Human oocytes were placed in 100 ml lysis solution (50 mM EDTA, 50 mM Tris, pH 8, 0.14 mg/ml proteinase K and SDS 0.2%) and incubated for 2 h at 558C. Following alkaline denaturation (30 min incubation at 378C after addition of 20 ml of 3 M NAOH), DNA was incubated in 3 M sodium bisulphite (350 ml) containing 1 mM hydroquinone (50 ml) for 16 h at 508C. After purification using the Wizard DNA Clean-Up System (Promega), DNA was desulfonated in 0.3 M NaOH and precipitated with ethanol, resuspended in 10 ml sterile water and immediately used for semi-nested PCR. PCR amplification was performed using HOT BIOAmp DNA Polymerase (Biofidal). A positive signal for CpG1 was obtained in two out of two independent nested PCRs with the pool of 11 GV oocytes: 1/5 with the pool of 10 MI oocytes and 3/7 with the pool of 21 MII oocytes. PCR products were cloned using pGEMT-easy kit (Promega). A control to exclude somatic cell contamination was performed with H19DMR: it exhibited only unmethylated CpGs in MII oocytes as expected. Since the bisulphite treatment was conducted on a limited number of copies, COBRA analysis with BstUI restriction enzyme was performed on each PCR product to be cloned, to verify that sequencing results reflect the overall methylation profile of CG1 in the oocytes analysed. H19DMR results were confirmed with Taq1 and Hin6I digestions. Identical sequences from separated PCRs are certain to represent distinct chromosomes, but identical sequences from one product were counted only once as previously discussed (45) . 
